Cardiac fibrosis is an underlying cause of diastolic dysfunction, contributing to heart failure. Substance P (SP) activation of the neurokinin-1 receptor (NK-1R) contributes to cardiac fibrosis in hypertension. 
www.nature.com/scientificreports www.nature.com/scientificreports/ activation of transforming growth factor-β1 (TGF-β1), as well as cleavage of angiotensin I to active angiotensin II 11, 12 . However, whether MCs mediate the pro-fibrotic actions of SP and the NK-1R has not been examined. Using a combination of in vitro MC cultures and in vivo approaches including MC-deficient mice reconstituted with MCs lacking the NK-1R, we determined that the NK-1R regulates MC maturation in the pressure overloaded heart by up-regulating MC survival signals including stem cell factor (SCF). However, MC-specific NK-1Rs are not required for MC activation in the fibrotic heart. We also report that the NK-1R regulates myofibroblast numbers in the hypertensive heart.
Methods
Animals. Experiments were performed using male rodents; these included spontaneously hypertensive rats (SHR) and the normotensive control wistar kyoto (WKY) rat, as well as wild type, Tac1 −/− , Nk-1r −/− , tumor necrosis factor receptor I (TnfrI −/− ), and B6.Cg-Kit W-sh /HNihrJaeBsmGlliJ (Kit w-sh/w-sh ) MC-deficient mice. All mice were on the C57BL/6 background. Wild type, Tac1 −/− , TnfrI −/− , and Kit w-sh/w-sh mice were purchased from Jackson Laboratories. Nk-1r −/− were previously developed at Harvard University. All rodents were housed under standard environmental conditions and maintained on standard commercial rat/mouse chow and tap water ad libitum. All animals were anesthetized by inhaled isoflurane prior to euthanasia. Proper analgesia for euthanasia was evaluated by palpebral reflex, toe pinch reflex, and corneal reflex. At the experimental endpoint, euthanasia was accomplished by removal of the heart. These studies conformed to the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the Institutional Animal Care and Use Committees.
Experimental groups. The SHR model of hypertension was chosen to initially assess the action of the NK-1R on cardiac MCs since we had previously shown that blockade of the NK-1R with L732138 (5 mg/kg/ day) prevented cardiac fibrosis in this model 3 . SHR and WKY rats were euthanized at 8, 12, and 16 weeks of age (n = 4-6/time-point). A separate group of SHR (n = 8) were treated with the NK-1R antagonist, L732138 (5 mg/kg/day) by oral gavage from 8 to 12 weeks of age. In order to examine the role of SP in cardiac fibrosis in mice, 8-week-old wild type (n = 7) and Tac1 −/− (n = 7) mice were treated with angiotensin II (1500 ng/kg/min, osmotic mini-pump) for 7 days. Tac1 is the gene that encodes SP. Wild type saline (n = 7) and Tac1 −/− saline mice (n = 6) served as controls. To investigate the involvement of the NK-1R in regulating MC numbers in mice, 8-week-old wild type mice were treated with L732138 (5 mg/kg/d) for 1 day. To determine the contribution of MC-specific NK-1Rs to cardiac fibrosis, 14 week old Kit w-sh/w-sh mice were divided into 3 groups: 1) Kit w-sh/w-sh mice + angiotensin II (1500 ng/kg/min, osmotic mini-pump, n = 7) for 7 days; 2) Kit w-sh/w-sh mice receiving wild type bone marrow-derived mast cells (BMMCs) + angiotensin II (n = 7); and 3) Kit w-sh/w-sh mice receiving Nk1r −/− BMMCs + angiotensin II (n = 6). To examine the role of MC-specific TNFRI to MC activation in cardiac fibrosis, Kit w-sh/w-sh mice received TnfrI −/− BMMCs prior to angiotensin II infusion (n = 8). Systolic blood pressure was measured by tail cuff method. At the time of euthanasia, the atria and great vessels were dissected away, and the LV and right ventricle (RV) separated. The apical portion of the LV was snap frozen in liquid nitrogen and stored at −80 °C, while the mid-papillary portion was fixed in zinc formalin for histology analysis. Additional methods are provided in Supplementary Information.
Results
The NK-1R regulates cardiac MC maturation in the hypertensive rat heart. We established the temporal MC response in SHR during the development of fibrosis by determining cardiac MC density at 8, 12, and 16 weeks of age using toluidine blue stain. MC density was significantly higher in 12-week old SHR compared to WKY, before returning to normal by 16 weeks of age (Fig. 1A ). This corresponds with the period of initiation of cardiac fibrosis in this model. Subsequently, we treated SHR with the NK-1R antagonist L732138 from 8 to 12 weeks of age and observed that the increase in MC density was prevented (Fig. 1B,C) , and in fact fell below control levels. Toluidine blue stains MCs by labeling heparin sulfate within MC granules, meaning that the identified MCs are mature MCs since immature MCs do not contain heparin sulfate 13, 14 . To further confirm maturation and to investigate immature MCs, we also stained LV sections with alcian blue-safranin, where alcian blue stains immature MCs and safranin stains mature MCs. We found a significant increase in the percentage of mature MCs (safranin + ) and a corresponding decrease in immature MCs (alcian blue + /safranin − ) in SHR LVs (Fig. 1D-G ). Overall number of MCs did not change (immature + mature, Fig. 1H ), indicating that there are not more MCs in the hypertensive heart, just a shift to more mature MCs. This increased maturation, but not the overall number of MCs, was significantly reduced by NK-1R blockade with L732138 ( Fig. 1D-H) . Consistent with increased MC maturation, there was an increase in tryptase in the SHR heart compared to the WKY, which was normalized by L732138 (Fig. 1I) . We also examined the effect of NK-1R blockade on cardiac macrophage numbers, identified as CD68 + cells. There was a significant increase in CD68 + cells in the SHR hearts, which was unaffected by NK-1R blockade with L732138 (Fig. 1J,K) .
The NK-1R up-regulates SCF as a mechanism underlying MC maturation, but does not alter MC c-kit levels, apoptosis or proliferation. Having shown that the NK-1R regulates cardiac MC maturation, we then sought to determine the mechanisms involved. SCF is essential for MC survival, proliferation and maturation [15] [16] [17] [18] and was significantly up-regulated in SHR LV at 12 weeks of age ( Fig. 2A) . NK-1R antagonism with L732138 prevented this increase. In situ hybridization identified that SCF was produced by endothelial cells and cardiomyocytes (Fig. 2B) (Fig. 2D) .
www.nature.com/scientificreports www.nature.com/scientificreports/ In addition to maturation, SCF is also capable of inducing MC proliferation. We labelled sections of SHR hearts with Ki67 as a marker of cellular proliferation, together with alcian blue as a marker of MCs. Despite numerous cells being independently Ki67
+ or alcian blue + , we found only one cell that was both Ki67 + and alcian www.nature.com/scientificreports www.nature.com/scientificreports/ blue + in LV sections from six individual SHR hearts examined (data not shown). We confirmed this lack of a proliferative response in vitro where we found no increase in the proliferation of BMMCs treated with SP ( Fig. 2E) . Thus, we concluded that MC proliferation does not significantly contribute to the increase in MCs in the SHR heart. Reduced MC apoptosis could also lead to increased MC numbers. SP did not alter caspase-dependent or caspase-independent apoptosis of BMMCs as determined by cleaved caspase-3 and apoptosis inducing factor (AIF), respectively ( Fig. 2F-H ).
SP does not cause MCs to release products to induce a pro-fibrotic phenotype in fibroblasts in vitro.
We examined the ability of SP and the NK-1R to activate MCs in vitro using BMMCs. Using tryptase activity in the media as a marker of BMMC activation, we found that 24 hours treatment with SP at 300 nM and 1000 nM induced a very small, but statistically significant release of active tryptase (Fig. 3A) . Accordingly, we collected conditioned media from wild type BMMCs and Nk-1r −/− BMMCs ( Fig. 3B ), following treatment with SP (300 nM and 1000 nM) for 24 hours. We then incubated 3T3 fibroblasts with this BMMC conditioned media for a further 24 hours and measured the release of hydroxyproline by fibroblasts as a surrogate marker for collagen production. 3T3 fibroblasts increased the release of hydroxyproline in response to conditioned media from BMMCs, but did not synthesize additional hydroxyproline in response to conditioned media from BMMCs treated with SP (Fig. 3C) . Consequently, deletion of the NK-1R in BMMCs did not alter hydroxyproline synthesis by 3T3 fibroblasts (Fig. 3C) . (Fig. 3D,E) . NK-1R blockade with L732138 in the SHR normalized the number of myofibroblasts (Fig. 3D,E) .
MC-Specific NK-1Rs are not involved in MC activation resulting in fibrosis.
We then sought to examine the contribution of MC-specific NK-1Rs to cardiac fibrosis in vivo using Kit w-sh/w-sh MC-deficient mice infused with angiotensin II. Firstly though, we confirmed that SP contributes to cardiac fibrosis in the angiotensin II mouse model. Wild type and Tac1 −/− mice were infused with either saline or angiotensin II for 7 days via osmotic mini-pumps. Tac1 is the gene that encodes SP. Biometric data for these mice can be found in Table 1 .
Fibrosis was prevented in Tac1
−/− hearts (Fig. 4A,B) . Next, we confirmed that mouse cardiac MCs possess the NK-1R. Flow cytometry analysis showed that 91% of cardiac MCs expressed the NK-1R, which was not altered by angiotensin II-infusion (Figs 4C,D, S2). We then confirmed that it was possible to reconstitute the hearts of Kit w-sh/w-sh mice with BMMCs. Using Q-dot labeling of injected BMMCs, we tracked these MCs to the hearts of Kit w-sh/w-sh mice 6 weeks after tail vein injection (Fig. S3) . In order to address the issue of the importance of MC-specific NK-1Rs to MC activation and subsequent cardiac fibrosis, we reconstituted Kit w-sh/w-sh mice with either wild type or Nk-1r −/− BMMCs. Biometric data for these mice can be found in Table 2 . Both groups reconstituted equal amounts of MCs (Fig. S4) . Angiotensin II infusion for 7 days, did not cause cardiac fibrosis in control Kit w-sh/w-sh mice that received saline instead of BMMCs (Fig. 4E,F) . Conversely, Kit w-sh/w-sh mice reconstituted with wild type BMMCs did develop cardiac fibrosis in response to angiotensin II (Fig. 4E,F) . Kit w-sh/w-sh mice that received MCs lacking the NK-1R also developed cardiac fibrosis (Fig. 4E,F) .
tnf-α does not contribute directly to MC activation in the fibrotic heart. Having ruled out the NK-1R as directly activating cardiac MCs to cause fibrosis, we turned our attention to TNF-α since cardiac fibrosis in TNF-α overexpressing mice is abolished when these mice are crossed with MC-deficient mice, implicating TNF-α in MC activation in the fibrotic heart 19 . However, it was unclear if this was a direct effect. Further, SP is known to regulate TNF-α in the rodent heart 5 , thus, TNF-α could serve as an intermediate between SP and MCs. We identified that 80% of mouse cardiac MCs expressed TNFRI and that this did not differ significantly with angiotensin II (Figs 5A,B, S5 ). We then reconstituted Kit w-sh/w-sh mice with BMMCs deficient in TNFRI (Fig. S4 ). Angiotensin II infusion for 7 days caused fibrosis in Kit w-sh/w-sh mice reconstituted with wild type BMMCs (Fig. 5C,D) . Kit w-sh/w-sh mice that received TnfrI −/− BMMCs also developed cardiac fibrosis (Fig. 5C,D) .
NK-1R blockade prevents increased MC maturation in angiotensin II-infused mice.
We also sought to assess whether the same regulation of MC maturation and SCF that occurred by SP and the NK-1R in the SHR heart also occurred in the angiotensin II mouse heart. Mouse cardiac MCs do not stain well with alcian blue-safranin, so instead we used avidin, which also labels mature MCs. Cardiac MC numbers tended to be elevated in wild type mouse hearts following 7 days of angiotensin II infusion (Fig. S6A) . While MC numbers tended to be decreased in Tac1 −/− mice, there was large variability in the number of MCs in all groups. We wondered whether this could be an artifact of germ line deletion of SP in the Tac1 −/− mice. Accordingly, we assessed MC number in wild type mice infused with angiotensin II for 1 day and treated with the NK-1R antagonist L732138, as was the case for the SHR. The number of MCs was increased in response to angiotensin II, with this increase prevented by NK-1R blockade (Fig. S6B) . We then assessed cardiac SCF levels following angiotensin II infusion in mice and found no increase in SCF (Fig. S6C) .
Discussion
Previously we reported that the NK-1R mediates cardiac fibrosis in SHR hearts 3 . However, in vitro data suggest that this does not involve direct activation of cardiac fibroblasts even though these cells possess the NK-1R. Thus, intermediate steps must be involved. Studies from our laboratory and others have provided causal evidence that MCs also contribute to cardiac fibrosis 9, 10, 12, 20 . Therefore, we examined whether neuro-immune mechanisms contribute to cardiac fibrosis by investigating whether MCs mediate the pro-fibrotic actions of SP and the NK-1R.
Initially we used the SHR model to investigate cardiac MC number since this was the model in which we had previously established the contribution of the NK-1R to cardiac fibrosis 3 . Using toluidine blue, we found that the NK-1R did regulate the increase in MC density in the SHR heart. Toluidine blue stains mature, but not immature MCs since it labels heparin sulfate, which is present in the granules of mature MCs, but not immature MCs 13, 14 . Therefore, the observed increase in MCs was an increase in mature MCs. To confirm this MC maturation and
BW (g) LV (mg) LV/BW (mg/g) RV (mg) RV/BW (mg/g) SBP (mmHg)
WT + Saline (n = 7) 24.1 ± 0.6 74. www.nature.com/scientificreports www.nature.com/scientificreports/ to determine effects on immature MCs, we then stained LV sections with alcian blue-safranin, which identifies mature (safranin) as well as immature (alcian blue) MCs. This confirmed NK-1R-driven MC maturation in the SHR heart, which was due to maturation of resident immature MCs rather than an influx of new MCs that then mature, since total MC numbers (mature + immature cells) were unchanged. In a model of volume overload, we previously reported that NK-1R antagonism prevented increased MC density, which is also known to be due to MC maturation in that model 5, 21 . Thus, MC maturation may be a conserved response in the heart to rapidly increase the number of effector MCs, regardless of the type of overload. www.nature.com/scientificreports www.nature.com/scientificreports/ We also examined MC proliferation, however, this does not appear to occur at any meaningful level in the heart since we were only able to identify one proliferating MC in LV sections from six individual SHR hearts. In vitro treatment of BMMCs also confirmed no proliferative effects of SP. An additional possibility underlying the increase in MC density could be that the NK-1R reduced MC apoptosis resulting in increased numbers of surviving cells. However, SP had no effect on either caspase-dependent or caspase-independent apoptosis of BMMCs as determined by cleaved caspase-3 and AIF, respectively. Therefore, maturation appears to be the major mechanism for increasing the number of effector MCs in the heart. There is a possibility of a contribution from recruited Table 2 . Kit w-sh/w-sh mice biometric data. BMMC = bone marrow derived mast cell, WT = wild type, BW = body weight, LV = left ventricle, RV = right ventricle, SBP = systolic blood pressure. Mean ± SD. www.nature.com/scientificreports www.nature.com/scientificreports/ MC progenitor cells. Amadesi et al. 22 , reported that SP and the NK-1R induced bone marrow-derived progenitor cell recruitment in a mouse model of myocardial infarction. However, any recruited progenitor cells would become immature MCs and then be subject to maturation. Thus, assessment of maturation should be inclusive of contributions from progenitor cells. Also important to note is that MCs do not exist in the blood, therefore, MC migration to the heart is not a contributing factor. SCF is essential for MC survival, proliferation and maturation 13, [15] [16] [17] [18] . We report that NK-1R antagonism prevented increased myocardial SCF in the SHR heart, identifying SCF as a likely mechanism by which the NK-1R regulates cardiac MC numbers. In situ hybridization identified endothelial cells, cardiomyocytes, as well as interstitial cells (likely fibroblasts) as the cellular sources of SCF. SP has been shown to induce SCF during bone marrow stroma formation, and in a reciprocal relationship, high binding affinity NK receptors can be induced by SCF 23 , thus, the up-regulation of SCF may also increase the availability of NK-1Rs. The reciprocal situation could also exist whereby the NK-1R could increase levels of c-kit, the receptor for SCF. However, using BMMCs as a surrogate for cardiac MCs, we found that SP did not increase c-kit.
Having identified the critical contribution of the NK-1R to MC maturation, we then determined whether the NK-1R induces MC activation and causes the release of MC factors (e.g. tryptase) that promote fibrosis. Initial in vitro conditioned media experiments showed that 3T3 fibroblasts increased the production of hydroxyproline in response to media from BMMCs, confirming the pro-fibrotic properties of MCs. However, fibroblasts did not synthesize additional hydoxyproline in response to conditioned media from BMMCs treated with SP, despite a small but statistically significant release of active tryptase by these BMMCs. Consequently, deletion of the NK-1R from BMMCs did not alter hydroxyproline synthesis by fibroblasts. This indicated that SP/NK-1R did not activate MCs sufficiently to cause a subsequent fibroblast response. To confirm these observations in vivo, we took advantage of the MC-deficient mouse (Kit . However, since this required high concentrations of SP, it raised the question as to whether this translates to the in vivo scenario. Our current study indicates otherwise, at least in this setting.
We wondered whether SP might indirectly cause MC activation via TNF-α. The rationale for this was two-fold: (1) SP and the NK-1R can regulate TNF-α levels in the heart 5 ; and (2) crossing of TNF-α overexpressing mice with MC-deficient mice has demonstrated that TNF-α can activate MCs to cause fibrosis 19 , although whether this is a direct effect was unclear. We identified that cardiac MCs possess TNFRI, however, reconstitution of Kit w-sh/w-sh mice with MCs deficient in TNFRI did not prevent fibrosis occurring in response to angiotensin II-infusion. Thus, TNF-α also does not appear to be a stimulus for direct activation of MCs in the fibrotic heart, at least in this model.
The results of our study add to an interesting debate. In an excellent review article by Shi et al. 25 , the authors suggest that SP is able to activate MCs via the NK-1R in cardiometabolic diseases. However, our results disagree with this, at least in the fibrotic heart. Newly emerging evidence suggests that SP-induced MC degranulation and inflammatory properties are not mediated through the NK-1R, but instead via MRGPRX2, a member of the Mas-related G protein coupled receptor (MRGPR) family [26] [27] [28] . Azimi and Lerner have pointed out that studies in the cardiometabolic disease field have used NK-1R antagonists instead of Nk-1r −/− mice in showing that SP activation of cardiac and coronary MCs is NK-1R dependent 29 . Since NK-1R antagonists also have an inhibitory effect on Mrgprb2, the mouse orthologue of human MRGPRX2, this raises questions as to whether the actions of SP on MCs really are via the NK-1R in cardiometabolic diseases 26 . Our study clearly shows that fibrosis still occurs in the angiotensin II-infused mouse model with Nk-1r −/− BMMC-reconstituted hearts, however, we cannot rule out the possibility that activation of Mrgprb2 on cardiac MCs by SP is involved in inducing cardiac fibrosis.
We also determined whether the same interactions between the NK-1R, SCF, and MC maturation existed in the angiotensin II mouse model. While we found that MCs were increased at 7 days in this model and tended to be reduced by SP deletion, there was a large variability in MC numbers. This may be a consequence of germ line deletion of SP versus blockade of its actions in the adult. To test this possibility, we took wild type mice and infused them with angiotensin II and treated them with the same NK-1R antagonist used in the SHR. In this case, NK-1R blockade prevented the increase in MC maturation, confirming the requirement of the NK-1R for MC maturation in the adult mouse, similar to the SHR. This increase is representative of MC maturation since avidin labels heparin sulfate, which is found in mature MCs. Interestingly though, unlike the SHR, angiotensin II mice did not exhibit an increase in SCF. When culturing BMMCs from mouse bone marrow, IL-3 is required in the culture media in addition to SCF to produce mature connective tissue MCs. It may be that the mouse uses IL-3 to promote maturation rather than a reliance on SCF as occurs in the rat and non-human primate [15] [16] [17] [18] 30 . However, SCF must make some contribution to the maintenance of MC numbers in mice, at least at baseline, since mice unable to respond to SCF due to c-kit mutations are MC-deficient, such as the mice used in this study.
Finally, we found no effect of NK-1R blockade on macrophage numbers in the SHR heart. However, we did observe that NK-1R blockade prevented the increase in myofibroblasts in the SHR heart. This may have occurred because by preventing the increase in MCs, NK-1R blockade prevents the known actions of MCs to increase myofibroblasts 9, 10 . Thus, even though the NK-1R does not activate cardiac MCs, the equivalent effect may be achieved by NK-1R blockade simply by preventing the expansion of the mature MC population, hence, there are fewer cells available for activation. Fewer MCs means that there are also less proteases available to exert downstream effects, as demonstrated by tryptase levels in the SHR receiving NK-1R blockade. This has real functional consequences given the pro-fibrotic effects of tryptase on cardiac fibroblast phenotype and function as well as its contribution to fibrosis in the hypertensive heart 10 . Alternatively, SP activation of the NK-1R may directly regulate myofibroblast number. Kumaran et al. 31 had previously reported that SP caused cardiac fibroblast proliferation. It is important to keep in mind, however, that while SP induces proliferation it does not appear to directly stimulate cardiac fibroblasts to produce excess collagen, at least in vitro 3, 4, 31 . In summary, we sought to determine the extent to which cardiac MCs mediated the pro-fibrotic actions of the NK-1R. We found that SP/NK-1R is essential to increase the number of mature MCs in the hypertensive heart and does this by increasing the production of SCF. However, the NK-1R is not required for activation of cardiac MCs in vivo (Fig. 6) . This study establishes a neuro-immune component to the development of cardiac fibrosis.
Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request. Figure 6 . Schematic depiction of SP and the NK-1R regulation of cardiac MCs and fibrosis. SP activation of the NK-1R causes an increase in cardiac MC density in the heart by increasing SCF production by endothelial cells, cardiomyocytes, and fibroblasts. While MCs are known to cause fibrosis, the NK-1R is not required for the activation of cardiac MCs. SP also acts to increase the number of myofibroblasts, however, it is not clear whether this is a direct effect on myofibroblast proliferation or a by-product of increasing the number of mature MCs that then act to increase myofibroblast numbers.
